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Abstract
Introduction
Manual hyperinflation (MH), a maneuver applied in mechanically ventilated patients to facili-
tate secretion removal, has large variation in its performance. Effectiveness of MH is usually
evaluated by its capacity to generate an expiratory flow bias. The aim of this study was to
compare the effects of MH—and its resulting flow bias—applied according to clinical prac-
tice versus according to expert recommendation on mucus movement in a lung model simu-
lating a mechanically ventilated patient.
Methods
Twelve physiotherapists were asked to apply MH, using a self-inflating manual resuscitator,
to a test lung as if to remove secretions under two conditions: according to their usual clinical
practice (pre-instruction phase) and after verbal instruction to perform MH according to
expert recommendation was given (post-instruction phase). Mucus simulant movement was
measured with a photodensitometric technique. Peak inspiratory flow (PIF), peak inspiratory
pressure (PIP), inspiratory time (TINSP), tidal volume (VT) and peak expiratory flow (PEF)
were measured continuously.
Results
It was found that MH performed post-instruction delivered a smaller VT (643.1 ± 57.8 ml) at
a lower PIP (15.0 ± 1.5 cmH2O), lower PIF (38.0 ± 9.6 L/min), longer TINSP (1.84 ±0.54 s)
and lower PEF (65.4 ± 6.7L/min) compared to MH pre-instruction. In the pre-instruction
phase, MH resulted in a mean PIF/PEF ratio of 1.73 ± 0.38 and mean PEF-PIF difference of
-54.6 ± 28.3 L/min, both out of the range for secretion removal. In the post-instruction phase
both indexes were in the adequate range. Consequently, the mucus simulant was moved
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outward when MH was applied according to expert recommendation and towards the test
lung when it was applied according to clinical practice.
Conclusions
Performance of MH during clinical practice with PIF higher than PEF was ineffective to clear
secretion in a lung model simulating a mechanically ventilated patient. In order to remove
secretion, MH should result in an adequate expiratory flow bias.
Introduction
Manual hyperinflation (MH), which involves lung ventilation using a manual resuscitation
bag, is a technique used in mechanically ventilated patients to assist with clearance of pulmo-
nary secretions in addition to endotracheal suction. Although MH is widely used in Australia
[1], the United Kingdom [2], the Netherlands [3], Brazil [4] and Sri Lanka [5] (and also recom-
mended in reviews by authors from other nationalities [6–9]), scientific evidence supporting
its efficacy on hard clinical outcomes is still lacking [10,11]. Use of MH has only been associ-
ated with short-term improvements in lung compliance, oxygenation and secretion clearance
[10].
According to expert recommendation [11–14], MH should apply: 1) a larger than normal
volume (up to 50% greater than the tidal volume delivered by the ventilator) with a slow inspi-
ratory flow; 2) an inspiratory pause of 1–2 seconds; and 3) high expiratory flow. Effectiveness
of MH is usually evaluated by its capacity to generate an expiratory flow bias (i.e., peak expira-
tory flow [PEF] higher than peak inspiratory flow [PIF]) which is believed to move secretions
toward central airways through the two-phase gas liquid transport [15,16]. The expiratory flow
bias is usually described as the ratio (PIF/PEF) or difference between the peak airflows (PEF--
PIF). According to experimental studies, a PIF/PEF ratio lower than 0.9 [17,18] or a PEF-PIF
difference higher than 17 L/min [19] is considered critical thresholds for the removal of lung
secretions during mechanical ventilation. On the other hand, whenever the PIF exceeds the
PEF, above those described thresholds, secretions may migrate deeper into the lungs. More
recently, in an experimental study with mechanically ventilated pigs, in the semirecumbent
position, a mean PEF-PIF difference of 33.0 ± 7.6 L/min was necessary to promote outward
mucus clearance, while a mean PEF-PIF difference of 23.5 ± 8.6 L/min resulted in inward
mucus transport [20]. Besides the fact that it was an in vivo experiment, one of the reasons that
might explain why the expiratory bias flow threshold was higher than the previous one
reported (17 L/min) is that mucus had to be transported against gravity since animals were in
the 30-degree head-up position. Clearly the influence of airway flows on mucus movement
during mechanical ventilation requires more investigation.
It has been suggested that MH may not have a standard practice worldwide and that it is
usually applied with high PIF, which may result on insufficient expiratory flow bias or, worse,
on an inspiratory flow bias (PIF > PEF) [8,14]. This fact might have contributed to the lack of
studies showing that MH consistently affects broader clinical outcomes. Ortiz et al. have
shown that their cohort frequently applied MH with two fast compressions of the resuscitator
bag which resulted in high PIF and an inspiratory flow bias [21]. The authors explained that
MH might have been customized in that way, because the generation of high PIF may stimu-
late patients’ cough, and consequently enhance secretion clearance, or at least enhance physio-
therapists’ impression that it removes more secretions. However, the consequences might be
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the application of ineffective maneuvers, with an inspiratory flow bias, especially if the patient
has a depressed cough reflex or inability to cough efficiently [19].
The aim of the present study was to compare the effects of MH—and its resulting flow
bias—applied according to clinical practice versus according to expert recommendation on
mucus movement in a lung model simulating a mechanically ventilated patient.
Material and methods
This was a laboratory-based, crossover study, with assessor-blinded outcome analysis.
The study was undertaken at a traditional laboratory at the Educational Center of
Federal University of Triaˆngulo Mineiro. Ethics committee approval for this study
(N˚ 53938516.1.0000.5154) was provided by the institutional review board of Federal Univer-
sity of Triaˆngulo Mineiro, Uberaba, MG, Brazil, and informed written consent was obtained
from all participants.
Participants
A convenience sample of 12 respiratory physiotherapists working at the Clinical Hospital of
Federal University of Triaˆngulo Mineiro, Uberaba, MG, Brazil, participated in the study.
Recruitment was voluntary, unpaid, and comprised inclusion criteria of a minimum of 2 years
of experience at working in intensive care unit (ICU). On the day of the study, physiotherapists
working at the ICUs were approached by a researcher and were invited to participate in the
study. Fourteen physiotherapists were on shift on the day of data collection, all of them were
invited, but only 12 had a minimum of 2 years of experience at working in ICU and consented
to participate in the study. After participating in the study, the physiotherapists were told to
not comment about the study methodology with their colleagues.
Interventions
The study comprised two phases in which the displacement of mucus simulant was tracked fol-
lowing the application of MH performed by physiotherapists in order to assist with the
removal of pulmonary secretion. Pre-instruction phase was conducted before and post-
instruction phase after verbal instructions were given on how to apply MH, as explained
below. The self-inflating manual resuscitator (Protec1, Cotia, São Paulo, Brazil) used had 1600
mL of capacity. The maneuver was applied into an artificial lung system (Intermed1, São
Paulo, Brazil) via a transparent tubing (inner diameter 1.0 cm, length 30 cm, held horizontal
on a light box). The test lung compliance and resistance were set at 0.05 L/cmH2O and 5
cmH2O/L/s, respectively simulating normal ventilated lungs without disease. Respiratory
mechanics were measured proximally (between the tip of the transparent tubing and the self-
inflating manual resuscitator) by the respiratory monitor CO2SMO
1 Plus (Novametrix Medi-
cal Systems, Wallingford, CT). Fig 1 illustrates the experimental setup.
In the pre-instruction phase each physiotherapist was asked to perform five sequential MH
breaths to assist pulmonary secretion clearance according to his/her usual clinical practice. In
the post-instruction phase each physiotherapist was briefly and verbally instructed to perform
MH according to expert recommendation [12,13]. The given instruction lasted approximately
2 minutes and was only verbal; the physiotherapists were not trained to follow a given pattern
of insufflation. The verbal instruction was always performed by the same researcher, and it
was given as follow: “Now you have to perform MH with a slow inflation, an inspiratory pause
of 2 seconds, followed by rapid release of the bag”. While the instruction was being given the
researcher demonstrated the maneuver with the manual resuscitator used in the study. The
instruction was given twice. In both study phases before the physiotherapist started the
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maneuver, 1 mL of mucus simulant was injected into the center of the tubing and was allowed
to settle for 3–5 min; thereafter an initial photograph was taken to register the mucus simulant
initial position. After five breaths of MH, the maneuver was concluded and another photo-
graph was taken. The photographs were analyzed offline to assess the MH effects on mucus
movement. After each MH maneuver, the tube was washed, air-dried, and repositioned on the
light box for the next experiment. The lung model was covered to not allow the physiothera-
pists to visualize mucus simulant displacement.
Mucus simulant. Synthetic solutions with standardized viscoelastic properties similar to
human mucus were formulated, according to previously described methods [22]. Polyethylene
oxide powder (1.5g) (Sentry Polyox WSR Coagulant, Dow Chemicals, Wilmington, DE) was
dissolved in 100 mL of filtered water, at 100˚C. The solution thicknesses at the concentration
prepared (1.5%) simulated normal airway mucus. The mucus simulant was colored to allow
quantitative photodensitometry, described below.
Mucus movement measurements. The transparent tubing (inner diameter 1 cm, length
30 cm) was positioned horizontally on a light box and mucus movement was photographed
with a 12 megapixel camera fixed 1.30 m above and perpendicular to the light box. Photo-
graphs of mucus simulant position were obtained before and after five breaths of each per-
formed MH. Image-analysis software (Sigmascan, Statistical Solutions, Saugus, MA) was used
to evaluate mucus movement, by measuring the mucus area in number of pixels. A ruler was
positioned next to the tubing to calibrate 1 pixel in centimeters. The image-analysis software
can also measure the color intensity of each pixel in a measured object. The color intensity pro-
vides an indirect measure of mucus depth. Details of the technique used to measure mucus
movement have been described elsewhere [19]. Mucus displacement after MH was evaluated
Fig 1. Experimental setup. Mucus simulant position was photographed with a 12 megapixel camera fixed 1.30 m above and
perpendicular to the light box.
https://doi.org/10.1371/journal.pone.0191787.g001
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based on the displacement of the center-of-mass. The image analysis software calculates the
center-of-mass by determining a central location of the “object” after multiplying all pixels by
their relative intensities.
Analysis of respiratory mechanics. Data acquired by CO2SMO
1 Plus monitor were fil-
tered and sampled at 100 Hz. Variable values for each MH breath were stored for subsequent
analysis by attaching a computer running complementary software (Analysis Plus, Novametrix
Medical Systems, Wallingford, CT) to the monitor. Four of the five MH breaths applied during
each of the two study phases were selected and analyzed to obtain the values of peak inspira-
tory pressure (PPI), inspiratory time (TINSP), tidal volume (VT), PIF and PEF.
The primary outcome was PIF and PEF relationship (assessed by PIF/PEF ratio and PEF-
PIF difference) and its influence on mucus simulant displacement.
Statistical analysis. The study was designed to have a 90% power to detect a difference in
the PIF/PEF ratio between MH applied according to clinical practice (PIF/PEF ratio of 1.96,
based on the study of Ortiz et al. [21]) and MH applied according to expert recommendation
(PIF/PEF ratio of 0.90, based on the flow bias threshold described as necessary to remove
mucus [17,18]), at a 2-sided α error of 5% for paired t test (standard deviation of difference
was 0.99). This generated the sample size of 12 subjects using G Power 2 version 3.1.5.
Data were analyzed using SPSS version 20.0 (SPSS Inc. Chicago, Illinois, USA). The Sha-
piro-Wilk test showed that the tested variables had normal distribution and therefore data are
presented as mean ± standard deviation. Differences between the two study phases (pre and
post-instruction) were compared by paired samples t test. The level of significance was set at
0.05 for all tests.
Results
The sample consisted of 12 physiotherapists (10 female, 2 male) aged 28 ± 4 years; ICU experi-
ence was 2 to 10 years, mean 5 ± 3 years. Four respiratory cycles from each of the two experi-
mental conditions were analyzed for each one of the 12 physiotherapists, resulting in an
analysis of 96 respiratory cycles.
MH ventilation pattern during clinical practice versus expert
recommendation
The MH pattern applied according to usual clinical practice (pre-instruction) was very differ-
ent from the MH applied post-instruction (Table 1, Fig 2). Five MH cycles—each cycle com-
posed by 2 to 3 fast compressions of the resuscitator bag generating some level of breath
stacking and without an inspiratory pause- were performed by seven physiotherapists (58.3%)
during the pre-instruction phase (Fig 2B, S1 Fig). After instruction all physiotherapists
improved the maneuver. Post-instruction MH delivered a smaller VT at a lower PIP, lower PIF
and longer TINSP compared to pre-instruction (Table 1). As a result of a lower VT, PEF was
also lower during post-instruction. Despite a lower PEF, the PEF-PIF difference and the PIF/
PEF ratio resulted in an expiratory flow bias during the post-instruction phase while during
the pre-instruction phase an inspiratory flow bias was created (Table 1).
PIF and PEF relationship and its influence on mucus displacement
In the pre-instruction phase, that represented physiotherapists usual clinical practice, all PIFs
were higher than PEFs. Therefore, MH resulted in a mean PIF/PEF ratio and mean PEF-PIF
difference far distant from its respective described thresholds to move secretions toward the
glottis (i.e. PIF/PEF< 0.9 and PEF-PIF difference >17 L/min) (Table 1). After instruction both
thresholds were achieved as a consequence of a much lower generated PIF compared to pre-
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instruction. As a result, the center-of-mass of the mucus simulant was moved towards the test
lung during MH performed according to usual clinical practice and towards the manual bag
after instruction (Table 1, Fig 3).
Out of 24 applied MH only one (4%) did not present the expected mucus displacement
according to PIF/PEF ratio, i.e. one maneuver resulted in a PIF/PEF ratio < 0.9 and did not
result in mucus displacement towards the manual bag; according to PEF-PIF difference only
two (8.3%) did not result in the expected direction displacement (Fig 3).
Discussion
Results of this investigation affirm that MH should be performed according to expert recom-
mendation in order to enhance clearance of secretions from the airways. Moreover, it is
important to notice that the relationship established between PIF and PEF was the key-variable
to facilitate secretion clearance and not a high PEF alone. The thresholds described in the liter-
ature to remove pulmonary secretion, PIF/PEF ratio < 0.9 and PEF-PIF > 17L/min, were con-
sistent with current results. Out of 24 applied MH, only one to two maneuvers (4–8.3%) did
not result in the expected mucus displacement direction.
To the best of the authors’ knowledge, this is the first study that shows in a lung model sim-
ulating a mechanically ventilated patient without lung disease that during MH an expiratory
flow bias is necessary to remove mucus. This finding is in agreement with a previous study
that demonstrated in a glass tube model that MH by generating higher PEFs was superior to
mechanical ventilation for effective secretion clearance [23]. Current results also suggest that
MH with an inspiratory flow bias may move secretion deeper into the lungs—at least if the
patient is heavily sedated and without a preserved cough reflex.
Additionally, this study is in accordance with those of Ortiz et al., in which most of the
physiotherapists performed MH, before verbal instruction, with high PIF and short TINSP [21].
Two hypotheses may explain this finding: 1) physiotherapists education on MH did not
emphasize the need for an expiratory flow bias, and/or 2) they have customized the maneuver
along their clinical practice according to the impression that applying high PIF (with two to
three fast bag-compressions generating some level of breath stacking) stimulates cough and
enhances clearance. As this study used a lung model, conclusions regarding the influence of
high PIF in stimulating cough and augmenting secretion removal were not possible; this war-
rants further investigation. However, it is important to notice that the mean PIF applied in the
Table 1. Mean (SD) for outcomes during MH for each study phase.
Variables Pre-instruction
Clinical Practice
Post-instruction
Expert recommendation
P value
VT (mL) 711.4 ± 76.1 643.1 ± 57.8 0.005
TINSP (s) 0.62 ± 0.15 1.84 ± 0.54 < 0.001
PIF (L/min) 129.6 ± 28.8 38.0 ± 9.6 < 0.001
PIP (cmH2O) 39.1 ± 11.1 15.0 ± 1.5 < 0.001
PEF (L/min) 75.0 ± 5.2 65.4 ± 6.7 0.001
PIF/PEF 1.73 ± 0.38 0.58 ± 0.16 < 0.001
PEF-PIF (L/min) -54.6 ± 28.3 27.5 ± 11.0 < 0.001
CMDa (cm) - 2.35 ± 0.63 0.52 ± 0.33 < 0.001
aA negative displacement indicates mucus movement towards the test-lung.
Abbreviations: CMD, center-of-mass displacement; PEF, peak expiratory flow; PIF, peak inspiratory flow; PIP, peak inspiratory pressure; TINSP, inspiratory time; VT,
tidal volume.
https://doi.org/10.1371/journal.pone.0191787.t001
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pre-instruction phase (129.6 L/min) was almost two times higher than the median cough peak
flow of 70 L/min found in a recently published cohort that evaluated 356 patients on mechani-
cal ventilation with planned extubation [24]. This suggests that MH applied in usual clinical
practice at our facility may even be ineffective (or potentially deleterious) in critically ill
patients with a preserved cough reflex. Reinforcing this concerning scenario, a cough peak
flow of 60 L/min has been reported as a predictor of extubation success in critically ill mechan-
ically ventilated patients [25–27].
Interestingly, although larger VTs appear beneficial for achieving an expiratory flow bias, in
the current study the delivered VT was lower than that usually reported in other studies, but
MH performed post-instruction could still generate an adequate expiratory flow bias. The
lower VT might be explained by the type of manual resuscitator used which had a self-inflating
bag. This type of resuscitator, which is more frequently used in Brazil, usually generates lower
Fig 2. Differences in proximal pressures (left column) and flows (right column) achieved during MH performance by two physiotherapists (A and B). In the pre-
instruction phase (dashed lines) MH was applied according to usual clinical practice and in post-instruction phase (solid black lines) MH was applied after receiving
instruction to perform the maneuver according to expert recommendation.
https://doi.org/10.1371/journal.pone.0191787.g002
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VT than the resuscitators that have flow-inflating bags [28–30]. This difference might be
related to the size of the bag employed: 1.6 L in the present study, compared with 2.0 liters in
the other studies [28–30]. Moreover, the shorter VT delivered in this study (mean of 643 mL)
might explain why a TINSP shorter than two seconds (mean of 1.84 s) was able to generate an
adequate expiratory flow bias. A recent bench study demonstrated that, to achieve sufficient
expiratory flow bias during MH, it was necessary to have a TINSP of at least three seconds with
normal compliance lungs and two seconds with lower compliance lungs [31]. However, in
their study the delivered VT was standardized in 1.4 L which, clearly, required a longer TINSP
to generate a lower PIF.
Of note, in the pre-instruction phase the PIP exceeded the traditional limit of 40 cmH2O
(mean PIP was 39.1 cmH2O) during 6 of 24 applied MH maneuvers, which may cause some
concern as this limit is set to prevent barotrauma [32]. However, it has been demonstrated that
during MH, alveolar pressures, roughly represented by plateau pressures, are usually within
the safe range despite of high PIP [21]. As plateau pressures correlate better with barotrauma
that PIP, it is unlikely that the performed MH would have caused barotrauma [33].
It is worth mentioning that high PIP could have been avoided if a pressure manometer was
used with the MH circuit [34]. However, this tool is not frequently applied in ICUs in Brazil,
and its use in this study would have interfered on reproducing MH as it is actually performed
in usual clinical practice at our facility.
In this study, education had a significant impact on the ability to remove the mucus simu-
lant. These results highlight the importance of training programs that teach physiotherapists
how to correctly apply MH according to expert recommendations which include the goals of
achieving an expiratory flow bias and limiting PIP.
Fig 3. Relationship of center-of-mass displacement to PIF/PEF ratio and PEF-PIF difference obtained during the two study phases. A negative displacement
indicates mucus movement towards the test lung. Dashed lines mark zero of center-of-mass displacement and the thresholds (PIF/PEF ratio< 0.9 and PEF-PIF
difference> 17L/min) to facilitate comparisons between study phases. Note that only during the post-instruction phase (black circles) mucus simulant was moved
outward. During the pre-instruction phase (white circles) mucus simulant was moved towards the test lung.
https://doi.org/10.1371/journal.pone.0191787.g003
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This study has a few limitations. First of all, the use of a lung model produced inherent limi-
tations, which requires caution to extrapolate results to a clinical population. Second, the simu-
lated mucus, although previously used by others [19,22,23], is not equivalent to real mucus,
which differs and varies markedly in consistency and in composition and among patients.
Third, the behavior of the mucus simulant in a biologically branched network was not investi-
gated. Fourth, gravity which plays an important role on secretion movement in the airways
was not taken in consideration [35]. Fifth the results are based on small sample size. However,
this small sample of physiotherapists was used to obtain a qualitative analysis of how MH is
usually performed by experienced professionals at our facility and not to address how MH is
performed more widely across Brazil or elsewhere.
In conclusion, MH applied in usual clinical practice at our facility, with high PIFs, was inef-
fective to clear mucus clearance in a lung model simulating a mechanically ventilated patient
without lung disease. In order to remove secretions, MH should be performed with a slow
insufflation to result in an adequate expiratory flow bias.
Supporting information
S1 File. Study data.
(XLSX)
S1 Fig. Flow, pressure and volume tracings of the five MH breaths applied by one of the
physiotherapists according to his usual clinical practice.
(TIF)
Author Contributions
Conceptualization: Marcia S. Volpe, Gualberto Ruas, Mauro R. Tucci.
Data curation: Marcia S. Volpe, Juliane M. Naves, Gabriel G. Ribeiro.
Formal analysis: Marcia S. Volpe, Mauro R. Tucci.
Investigation: Marcia S. Volpe, Juliane M. Naves, Gabriel G. Ribeiro, Gualberto Ruas.
Methodology: Marcia S. Volpe, Juliane M. Naves, Gabriel G. Ribeiro, Gualberto Ruas, Mauro
R. Tucci.
Project administration: Marcia S. Volpe, Mauro R. Tucci.
Supervision: Marcia S. Volpe, Gualberto Ruas.
Writing – original draft: Marcia S. Volpe, Juliane M. Naves, Gabriel G. Ribeiro.
Writing – review & editing: Marcia S. Volpe, Gualberto Ruas, Mauro R. Tucci.
References
1. Hodgson C, Carroll S, Denehy L. A survey of manual hyperinflation in australian hospitals. Aust J Physi-
other. 1999; 45:185–93. PMID: 11676766
2. King D, Morrell A. A survey on manual hyperinflation as a physiotherapy technique in intensive care
units. Physiotherapy. 1992; 78:747–50.
3. Paulus F, Binnekade JM, Middelhoek P, Schuitz MJ, Vroom MB. Manual hyperinflation of intubated and
mechanically ventilated patients in dutch intensive care units—a survey into current practice and knowl-
edge. Intensive Crit Care Nurs. 2009; 25:199–207. https://doi.org/10.1016/j.iccn.2009.04.003 PMID:
19477647
Effects of manual hyperinflation on displacement of mucus simulant
PLOS ONE | https://doi.org/10.1371/journal.pone.0191787 February 12, 2018 9 / 11
4. Franca EE, Ferrari F, Fernandes P, Cavalcanti R, Duarte A, Martinez BP, et al. Physical therapy in criti-
cally ill adult patients: Recommendations from the brazilian association of intensive care medicine
department of physical therapy. Rev Bras Ter Intensiva. 2012; 24:6–22. PMID: 23917708
5. Sigera PC, Tunpattu TM, Jayashantha TP, De Silva AP, Athapattu PL, Dondorp A, et al. National profile
of physical therapists in critical care units of sri lanka: Lower middle-income country. Phys Ther. 2016;
96:933–9. https://doi.org/10.2522/ptj.20150363 PMID: 26893503
6. Gosselink R, Bott J, Johnson M, Dean E, Nava S, Norrenberg M, et al. Physiotherapy for adult patients
with critical illness: Recommendations of the european respiratory society and european society of
intensive care medicine task force on physiotherapy for critically ill patients. Intensive Care Med. 2008;
34:1188–99. https://doi.org/10.1007/s00134-008-1026-7 PMID: 18283429
7. Jham K. Role of physiotherapy in critically ill evidence-based practice. J Crit Care. 2009; 24:e17–8.
https://doi.org/10.1016/j.jcrc.2009.06.008 PMID: 19664520
8. Ambrosino N, Janah N, Vagheggini G. Physiotherapy in critically ill patients. Rev Port Pneumol. 2011;
17:283–8. https://doi.org/10.1016/j.rppneu.2011.06.004 PMID: 21782380
9. Hanekom S, Berney S, Morrow B, Ntoumenopoulos G, Paratz J, Patman S, et al. The validation of a
clinical algorithm for the prevention and management of pulmonary dysfunction in intubated adults—a
synthesis of evidence and expert opinion. J Eval Clin Pract. 2011; 17:801–10. https://doi.org/10.1111/j.
1365-2753.2010.01480.x PMID: 20630012
10. Paulus F, Binnekade JM, Vroom MB, Schultz MJ. Benefits and risks of manual hyperinflation in intu-
bated and mechanically ventilated intensive care unit patients: A systematic review. Crit Care. 2012; 16:
R145. https://doi.org/10.1186/cc11457 PMID: 22863373
11. Stiller K. Physiotherapy in intensive care: An updated systematic review. Chest. 2013; 144:825–47.
https://doi.org/10.1378/chest.12-2930 PMID: 23722822
12. Denehy L. The use of manual hyperinflation in airway clearance. Eur Respir J. 1999; 14:958–65. PMID:
10573249
13. Hodgson C, Denehy L, Ntoumenopoulos G, Santamaria J, Carroll S. An investigation of the early effects
of manual lung hyperinflation in critically ill patients. Anaesth Intensive Care. 2000; 28:255–61. PMID:
10853205
14. Paulus F, Binnekade JM, Middelhoek P, Vroom MB, SchuItz MJ. Guideline implementation powered by
feedback and education improves manual hyperinflation performance. Nurs Crit Care. 2016; 21:36–43.
https://doi.org/10.1111/nicc.12068 PMID: 24801958
15. Maxwell LJ, Ellis ER. Pattern of ventilation during manual hyperinflation performed by physiotherapists.
Anaesthesia. 2007; 62:27–33. https://doi.org/10.1111/j.1365-2044.2006.04898.x PMID: 17156224
16. Jones AM, Thomas PJ, Paratz JD. Comparison of flow rates produced by two frequently used manual
hyperinflation circuits: A benchtop study. Heart Lung. 2009; 38:513–6. https://doi.org/10.1016/j.hrtlng.
2009.06.002 PMID: 19944875
17. Kim CS, Iglesias AJ, Sackner MA. Mucus clearance by two-phase gas-liquid flow mechanism: Asym-
metric periodic flow model. J Appl Physiol. 1987; 62:959–71. https://doi.org/10.1152/jappl.1987.62.3.
959 PMID: 3571095
18. Benjamin RG, Chapman GA, Kim CS, Sackner MA. Removal of bronchial secretions by two-phase gas-
liquid transport. Chest. 1989; 95:658–63. PMID: 2920595
19. Volpe MS, Adams AB, Amato MB, Marini JJ. Ventilation patterns influence airway secretion movement.
Respir Care. 2008; 53:1287–94. PMID: 18811989
20. Li Bassi G, Saucedo L, Marti JD, Rigol M, Esperatti M, Luque N, et al. Effects of duty cycle and positive
end-expiratory pressure on mucus clearance during mechanical ventilation*. Crit Care Med. 2012;
40:895–902. https://doi.org/10.1097/CCM.0b013e318236efb5 PMID: 22080638
21. Ortiz Tde A, Forti G, Volpe MS, Carvalho CR, Amato MB, Tucci MR. Experimental study on the effi-
ciency and safety of the manual hyperinflation maneuver as a secretion clearance technique. J Bras
Pneumol. 2013; 39:205–13. https://doi.org/10.1590/S1806-37132013000200012 PMID: 23670506
22. Shah S, Fung K, Brim S, Rubin BK. An in vitro evaluation of the effectiveness of endotracheal suction
catheters. Chest. 2005; 128:3699–704. https://doi.org/10.1378/chest.128.5.3699 PMID: 16304336
23. Jones AY. Secretion movement during manual lung inflation and mechanical ventilation. Respir Physiol
Neurobiol. 2002; 132:321–7. PMID: 12208090
24. Duan J, Han X, Huang S, Bai L. Noninvasive ventilation for avoidance of reintubation in patients with
various cough strength. Crit Care. 2016; 20:316. https://doi.org/10.1186/s13054-016-1493-0 PMID:
27716405
25. Smina M, Salam A, Khamiees M, Gada P, Amoateng-Adjepong Y, Manthous CA. Cough peak flows
and extubation outcomes. Chest. 2003; 124:262–8. PMID: 12853532
Effects of manual hyperinflation on displacement of mucus simulant
PLOS ONE | https://doi.org/10.1371/journal.pone.0191787 February 12, 2018 10 / 11
26. Salam A, Tilluckdharry L, Amoateng-Adjepong Y, Manthous CA. Neurologic status, cough, secretions
and extubation outcomes. Intensive Care Med. 2004; 30:1334–9. https://doi.org/10.1007/s00134-004-
2231-7 PMID: 14999444
27. Smailes ST, McVicar AJ, Martin R. Cough strength, secretions and extubation outcome in burn patients
who have passed a spontaneous breathing trial. Burns. 2013; 39:236–42. https://doi.org/10.1016/j.
burns.2012.09.028 PMID: 23107354
28. Maxwell L, Ellis ER. The effects of three manual hyperinflation techniques on pattern of ventilation in a
test lung model. Anaesth Intensive Care. 2002; 30:283–8. PMID: 12075634
29. Maxwell LJ, Ellis ER. The effect of circuit type, volume delivered and "rapid release" on flow rates during
manual hyperinflation. Aust J Physiother. 2003; 49:31–8. PMID: 12600252
30. Turki M, Young MP, Wagers SS, Bates JH. Peak pressures during manual ventilation. Respir Care.
2005; 50:340–4. PMID: 15737243
31. Bennett BG, Thomas P, Ntoumenopoulos G. Effect of inspiratory time and lung compliance on flow bias
generated during manual hyperinflation: A bench study. Respir Care. 2015; 60:1449–58. https://doi.org/
10.4187/respcare.04066 PMID: 26350234
32. Thomas PJ. The effect of mechanical ventilator settings during ventilator hyperinflation techniques: A
bench-top analysis. Anaesth Intensive Care. 2015; 43:81–7. PMID: 25579293
33. Boussarsar M, Thierry G, Jaber S, Roudot-Thoraval F, Lemaire F, Brochard L. Relationship between
ventilatory settings and barotrauma in the acute respiratory distress syndrome. Intensive Care Med.
2002; 28:406–13. https://doi.org/10.1007/s00134-001-1178-1 PMID: 11967593
34. Redfern J, Ellis E, Holmes W. The use of a pressure manometer enhances student physiotherapists’
performance during manual hyperinflation. Aust J Physiother. 2001; 47:121–31. PMID: 11552867
35. Li Bassi G, Torres A. Ventilator-associated pneumonia: Role of positioning. Curr Opin Crit Care. 2011;
17:57–63. https://doi.org/10.1097/MCC.0b013e3283428b31 PMID: 21169827
Effects of manual hyperinflation on displacement of mucus simulant
PLOS ONE | https://doi.org/10.1371/journal.pone.0191787 February 12, 2018 11 / 11
